SUMMARY
We have isolated a novel type of lectin named Arenicola marina lectin-1 (AML-1) from the lugworm Arenicola marina. The lectin was purified from the coelomic fluid by affinity chromatography on a GlcNAc-derivatized column and eluted with GlcNAc. On SDS-PAGE, AML-1 showed an apparent molecular mass of 27 and 31 kDa in the reduced state. The N-terminal amino acid sequences were identical in these two bands. In the unreduced state a complex band pattern was observed with bands from 35 kDa to more than 200 kDa. Two different full-length clones encoding polypeptides of 241 and 243 amino acids, respectively, were isolated from a coelomocyte cDNA library. The two clones designated AML1a and AML-1b were 92% identical at the protein level, and represent a novel type of protein sequence family. Purified AML-1 induced agglutination of rabbit erythrocytes, which could be inhibited by N-acetylated saccharides. Recombinant AML-1b showed the same band pattern as the native protein, whereas recombinant AML-1a reduced lacked a 27-kDa band. AML-1b bound GlcNAcderivatized columns and chitin, whereas AML1a did not bind to these matrices. Immunohistochemical analysis revealed, that AML-1 is expressed by coelomocytes, in the nephridium and in round cells in epidermis and in eggs. Moreover, AML-1 expression was upregulated in response to a parasitic infection. We conclude that AML-1 purified from coelomic fluid is encoded by AML-1b and represents a novel type of protein family that binds acetylated components.
Members of different protein families have through evolution acquired the ability to bind microbial carbohydrates and thereby mark pathogens for destruction. Molecules with lectin activity are known in all phyla and it is believed that these pattern recognition receptors (PRRs) play a crusial role in invertebrates that lacks the adaptive immune system (1) (2) (3) (4) (5) (6) . Some lectins isolated from invertebrates show sequence homology to those isolated from vertebrates. Several lectins with carbohydrate-recognizing domains of C-type (calcium-dependent) lectins have been found in tunicates, echinoderms and arthropods (7) (8) (9) (10) . Galectins (calcium-independent galactose-specific lectins) have been detected in annelids (11, 12) , nematodes (13) (14) (15) and sponges (16, 17) . Fibrinogen-related domains (FReDs or FRePs) with lectin activity are found in mammalian lectins, such as the ficolins, and in invertebrates (18) (19) (20) . FReDs with lectin activity have been purified from the ascidian Halocynthia roretzi (9) , the horseshoe crab Tachypleus tridentatus (21) and the snail Biomphalaria glabrata (22,23). The canonical FReD ligandbinding site (S1) in the horseshoe crab lectin Tachylectin 5A, FIBCD1 and M-ficolin binds acetylated components in a calcium-and acetatedependent manner (18) . Contrary to this L-ficolin does not contain a functional S1 acetyl-binding site, but several different binding sites (S2 to S4) revealed through structural studies of the fibrinogen domains of L-ficolin in complex with various ligands (24). Invertebrate lectins have diverse functions like agglutination of foreign cells (25-27), inhibition of bacterial growth (28-30) and enhancement of phagocytosis -also referred to as opsonization (30,31).
The polychaete annelid, Arenicola marina, is a typical representative of marine sedentary lugworms (32,33). The annelids cluster together with the molluscs and forms the Lophotroxhozoa, which are a major lineage of the protostomes (6, 34) . Arenicola marina has a well-developed body cavity (coelom) filled with coelomic fluid. The later contains free cells (coelomocytes) that phagocyte foreign materials including Grampositive or Gram-negative bacteria in vivo and in vitro (35, 36) . Antimicrobial peptides arenicins have been purified from the coelomocytes of Arenicola marina and extensively characterized (37,38), while more that 100 TLR genes have been identified in the annelids Capitella and Helobdella (39). Moreover, some humoral factors with agglutinating activity toward vertebrate erythrocytes have been detected in the lugworm (40). At present, no lectins have been found and characterized in the coelomic fluid of Arenicola marina.
In the present study, we describe the purification, complete primary structure, immunolocalization and binding specificity of a lectin isolated from coelomic fluid of Arenicola marina. The lectin was named Arenicola marina lectin-1 (AML-1) and it was found to be an oligomeric protein that binds specifically to N-acetylated carbohydrates including chitin -independently of calcium. Screening of a cDNA library constructed from coelomocytes mRNA revealed the presence of two isoforms encoding the AML-1 lectin. Sequence analysis showed no homology with any known lectins or other known protein families and AML-1 defines a new group of invertebrate immune defense molecules.
EXPERIMENTAL PROCEDURES
Buffers and Reagents -The following buffers and reagents were used: Tris-buffered saline (TBS) (140 mM NaCl, 10 mM Tris, 2mM NaN 3 , pH 7,4); TBS/Ca (TBS containing 5mM CaCI 2 ), TBS/EDTA (TBS containing 20 mM EDTA); TBS/GlcNAc (TBS containing 100 mM N-acetyl-D-glucosamine); TBS/Tw (TBS containing 0.1% (v/v) Tween 20). StrataClean Resin was purchased from Stratagene. Mono-and disaccharides, bovine submaxillary mucin (BSM), lipopolysaccharides (LPS) from Escherichia coli (strain 0127:B8 and strain 055:B5) and Salmonella minnesota were purchased from Sigma. GlcNAc and glucose were coupled to divinylsulfone-activated TSK-GEL Toyopearl resin (Tosoh Corporation) at a concentration 200 mg of sugar per ml of gel. The primers used for PCR were purchased from Invitrogen or GE Healthcare.
Worms -Lugworms (Arenicola marina) were purchased from a local fishing shop. The worms were kept at +4°C in aired seawater during experiments. Coelomic fluid was collected by carefully reaching the body cavity with a needle and allowing the fluid to drip by gravity. Samples of coelomic fluid were centrifuged for 10 min at 800g to separate cells, and the supernatant was frozen and stored at -80°C until use. The pellet containing coelomocytes was washed once with TBS, snap frozen, and stored in liquid nitrogen.
Affinity chromatography -Coelomic fluid was mixed with an equal volume of TBS/Ca and applied to GlcNAc-TSK column. The column was washed extensively and bound proteins were eluted initially with TBS/EDTA and then with TBS/GlcNAc. The eluted fractions were analyzed by SDS-PAGE and those of interest were pooled, quantified by measurement of OD 280 and kept at +4°C.
Preparation of antibodies -Rabbits were immunized s.c. with 25-µg purified AML-1 in Freunds complete adjuvants. The following monthly boosts were done with the same antigen amount in Freunds incomplete adjuvants and antisera were collected 2 weeks after a boost. Antibodies were purified using a 1 ml Protein G column (GE Healthcare).
Western blotting -Electrophoresis was performed on 4-12% polyacrylamide gradient gels using a discontinuous buffer system (Bio-Rad). Samples were reduced by heating at 100°C for 1 min in sample buffer (1.5% (w/v) SDS, 5% (v/v) glycerol, 0.1 M Tris, pH 8.0) with 60 mM dithiothreitol and alkylated by the addition of iodoacetamide (IAA) to a final concentration of 140 mM. Non-reduced samples were heated for 1 min in sample buffer containing 2 mM IAA then additional IAA was added to a final concentration of 140 mM. Protein bands were directly visualized by silver staining or Coomassie Brilliant Blue staining, or blotted onto an Amersham Hybond™-P polyvinylidene difluoride membrane according to the recommendations of the manufacturer (GE Healthcare). The membranes were blocked for 2 hours at room temperature in TBS/Tw containing 5% (w/v) non-fat dry milk (Bio-Rad), followed by overnight incubation at 4°C with primary antibody (10 µg/ml of rabbit anti-AML-1 IgG) in TBS/Tw containing 2.5% (w/v) non-fat dry milk. After three washes in TBS/Tw the membranes were incubated for one hour at room temperature in TBS/Tw containing either alkaline phosphatasecoupled goat anti-rabbit IgG (D0314, Dako) diluted 1:2.000 or HRP-coupled goat anti-rabbit IgG (P0448, Dako) diluted 1:10.000. The membranes were washed extensively in TBS/Tw and developed as described by Schlosser et al. (41) or by the enhanced chemiluminescence ECL Plus™ kit, as described by the manufacturer (GE Healthcare).
Two-dimensional SDS-PAGE -GlcNAc eluate with proteins of interest was mixed with StrataClean Resin (10:1, v/v) and centrifuged at 12.000g for 5 min. Pellets containing StrataClean Resin beads with adsorbed proteins were dissolved in sample buffer and subjected to first dimensional electrophoresis on 4-20% polyacrylamide gradient gel under non-reducing conditions. The lane was excited from the gel and placed in sample buffer containing 60 mM dithiothreitol for 2 hours, before the reduced protein lane was mounted on top of a 4-20% polyacrylamide gradient gel, and a second dimensional electrophoresis was performed.
Amino acid sequencing -The AML-1 containing protein fraction was reduced and subjected to SDS-PAGE on a NOVEX precast system using 10% NuPage Bis-Tris Gel. Protein bands were blotted onto polyvinylidene difluoride membrane (Immobilon P, Millipore) and sequenced directly or digested with trypsin at 37°C over night. Resulting peptides were separated by reverse-phase HPLC using a Brownlee C18 column (Applied Biosystems) and subjected to amino acid sequencing. The protein sequencer was an Applied Biosystems Procise 494A protein sequencer.
Construction of cDNA library of Arenicola marina coelomocytes -A pool of coelomocytes from 6 worms was used to construct a coelomocyte cDNA library. Total RNA and poly(A) RNA were isolated by use of Rneasy Midi Kit (Qiagen) and Oligotex mRNA Kit (Qiagen), respectively. The cDNA was produced with the lambda-ZAP Express cDNA Synthesis Kit (Stratagene) according to the manufacturer's instructions and cloned into l-ZAP Express Vector.
Production of oligonucleotide probe -First strand cDNA synthesis on poly (A) RNA was performed using SuperScript II Rnase H and random hexamer primers according to the manufacturer's protocol (Invitrogen). The resulting single-stranded cDNA was amplified by PCR with different combinations of six 17-base degenerated primers (forward-reverse) (Supplementary Table I ) designed on the basis of the obtained partial amino acid sequence. The PCR products were separated by agarose gel electrophoresis, purified from the gel by QIAquick Gel Extraction Kit (Qiagen) and sequenced. The deduced protein sequence from an amplified 150-bp PCR product was found to correspond to the protein sequence found in four AML-1 derived peptides. This PCR product was then labeled with [α-32P]dCTP by use of Oligolabelling Kit (GE Healthcare) and used as a probe for the screening of the cDNA library.
Screening of cDNA library -Approximately 3 x 10 5 plaques of the constructed cDNA library was plated with E. coli strain XL-Blue MRF'. The plates were incubated overnight at 37°C and duplicate nitrocellulose lifts were performed. The filters were pre-hybridized in a solution containing 6 X SSC, 5 X Denhardt's solution, 0.5% (w/v) SDS and 100 mg of denatured salmon sperm DNA/ml overnight at 68°C and then hybridized overnight at 68°C with the labeled oligonucleotide probe in the same buffer. The filters were washed for 10 min in 2 x SSC with 0.1% (w/v) SDS at room temperature followed by 2 x 30 min in 2 x SSC with 0.1% SDS at 68°C. The aired-dried filters were exposed to Kodak Scientific imaging film (Biomax MS) overnight at -80°C with an intensifying screen. Positive plaques were harvested, DNA inserts were excised from ZAP Express vector as pBK-CMV phagemid vector and introduced into XOLR strain E. coli by in vivo excision according to the ZAP Express cDNA Kit instruction. The obtained single colonies were isolated and the plasmids were purified by Quantum Prep Plasmid Miniprep Kit (Qiagen). The inserts were sequenced in both directions with sequence specific primers (Supplementary Table  I) .
Expression of AML-1a and AML-1b in CHO cells -Full-length AML-1a and AML-1b cDNA including their respective signal sequences were synthesized and obtained from Genescript Chitin binding assay -Chitin beads (Sigma), GlcNAc-TSK or glucose-TSK beads were washed three times in TBS/Tw containing 5 mM CaCl 2 and pelleted by centrifugation. Five-hundred µl of supernatant from CHO cells expressing either recombinant AML-1a or AML-1b were mixed 1:1 (v/v) with TBS/Tw containing 10 mM CaCl 2 and added to 100 µl of pelleted beads in the presence or absence of the potential inhibitors; 10 mM EDTA, 50 mM acetate, 50 mM GlcNAc, 50 mM glucosamine, 50 mM N-acetylated alanine or 50 mM alanine. After overnight incubation at 4°C the pelleted beads were washed three times in TBS/Tw containing 5 mM CaCl 2 . Bound protein was eluted from the beads by boiling the samples in sample buffer and samples were subsequently analyzed by SDS-PAGE and Western blotting.
Hemagglutinating activity -The hemagglutination assay was performed in round-bottomed 96-well microtiter plates using rabbit, rat, guinea-pig and sheep erythrocytes. Two-fold serial dilutions of the lectin purified from coelomic fluid in TBS (25µl) were mixed with equal volume of a 4% suspension of erythrocytes in TBS. After incubation for 1 hour at room temperature, the extent of agglutination was examined visually. The assay was also performed in the presence of 5 mM CaCl 2 or 20 mM EDTA.
Hemagglutination inhibition assay -The highest dilution of the lectin in TBS that still gave visible hemagglutination was used in an inhibition assay. All inhibitors were dissolved in TBS at concentrations 200 mM for mono-and disaccharides and 1 mg/ml for LPS and BSM. Two-fold serial dilutions of inhibitor (25 µl) were placed in the wells and mixed with the same volume of the lectin samples. Mixtures were left for 10 min at room temperature before 25 µl of 4% rabbit erythrocytes suspension were added to each well. Minimum concentrations of the tested substances that still inhibited hemagglutination were defined as MIC (minimum inhibitor concentration).
Immunohistochemistry -Four µm sections were cut from neutral-buffered formaldehyde-fixed paraffin-embedded tissue blocks. Sections were mounted at ChemMate Capillary Gap Slides (Dako) dried at 60ºC, deparaffinized and rehydrated. Antigen retrieval was performed using microwave heating in Target Retrieval Solution (Dako). Antigen retrieval was followed by blocking of endogenous biotin using Dako's Biotin-Blocking System (Dako). The incubation with rabbit anti-AML-1 antibody diluted 1/600 was done for 25 min at room temperature. Immunostaining was automated using the ChemMate HRP/DAB detection kit (K5001, Dako) on the TechMate 1000 instrument (Dako). Immunostaining was followed by brief nuclear counter staining in Mayer's hematoxylin.
RESULTS
Purification of native AML-1 -Different monoand disaccharides was coupled to TSK and batch experiments revealed that GlcNAc-TSK bound several putative lectins from the coelomic fluid both calcium-dependent and calcium-independent. Coelomic fluid diluted with CaCl 2 -containing buffer was applied to GlcNAc-TSK column and bound proteins were eluted first with EDTA, then with GlcNAc containing buffers and finally analyzed by SDS-PAGE (data not shown).
In the GlcNAc eluate, two bands with molecular masses of 31 kDa and 27 kDa were seen in the reduced state. In the non-reduced state two prominent bands with molecular masses of 160 kDa and 108 kDa were seen together with minor bands of 80 kDa, 54 kDa and 35 kDa (Fig. 1A) . When more protein was loaded onto the gel (in the case of two-dimensional SDS-PAGE) the minor bands became clearly visible and some additional bands of more than 200 kDa appeared (Fig. 1B) .
All bands were reduced to 31 kDa and 27 kDa with exception of a 35 kDa band that appeared as a 23 kDa band. It appeared subsequently that the 35 kDa band was a product of proteolysis since its amount markedly increased by time of storage.
Amino acid sequencing of AML-1 -The Nterminal amino acid sequence of the 27 kDa and 31 kDa bands were determined. Both proteins showed the same N-terminal sequence over the first 12 amino acid residues. The protein was eluted from the 27 kDa band and digested with trypsin. Resulting peptides were analyzed using protein sequencing. Twelve readable sequences were obtained with a total of 109 amino acids (Table I) .
cDNA cloning and sequencing -A lambda ZAP cDNA library of Arenicola marina coelomocytes with insert sizes ranging from 0.5 kb to 1.8 kb was constructed. By screening the library (3x10 5 plaques) with the AML-1 specific probe, 0.5% of all obtained clones were positive. Fourteen of those were isolated and sequenced. All fourteen clones were full-length. Twelve of the clones showed identical nucleotide sequences and this cDNA was named AML-1a. The last two were also identical but differed from AML-1a at 31 positions in the coding region and was named AML-1b. AML-1a was encoded by 994 nucleotides with an open reading frame (ORF) of 723 nucleotides (accession no. HQ009860, Fig.  2A ). AML-1b was encoded by 1000 nucleotides with an ORF of 729 nucleotides (accession no. HQ009861, Fig. 2B ). Except for one insertion/deletion of six nucleotides, all differences were single nucleotide substitutions and 17 of these were non-synonymous substitutions.
The two cDNAs encode polypeptides of 242 and 244 amino acid residues with calculated molecular masses of 26,259 kDa (AML-1a) and 26,469 (AML-1b). These masses are in agreement with those obtained by SDS-PAGE (27 kDa protein band). Moreover, they demonstrated 92% identity at the protein level with each other, and were in agreement with peptide sequences obtained by directly protein sequencing of the native proteins (Fig. 3) . Two potential N-linked glycosylation sites were identified in AML-1b (at Asn 55 and Asn 208), the last one being lost in AML-1a. The isoelectric points of both proteins calculated from amino acid composition were slightly different: 6.80 for AML-1a and 6.59 for AML-1b. Both deduced polypeptides contained hydrophobic leader peptides of 19 amino acid residues and seven cysteine residues.
Sequence similarity to other proteinsNucleotide sequences, AML-1a and AML-1b were subjected to Blast search. A predicted protein (XM_001626230.1) identified from the sequencing of the sea anemone Nematostella vectensis (42) was found to contain four tandemarranged domains with homology to AML-1a and AML-1b. Three 10 amino acid serine-proline rich linker domains separate the binding domains in XM-001626230.1. An alignment of the AML-1a and b and the four domains (a-d), where we have omitted the serine-proline rich linker are shown in Fig. 4 . The alignment allowed a prediction of the minimal sequence requirement for the binding domain. The domain starts corresponding to the third cysteine at position 69 in AML-1a and AML1b and the minimum domain required for pattern recognition includes 171 to 175 residues. The domain includes the last four conserved cysteine residues and the homology between the four sea anemone protein domains and the two AML domains varies from 34% to 41% identity. It is likely that the three first cysteines in AML-1a and b account for the asymmetrical inter-chain disulphide bridging of the proteins. Apart from the XM-001626230.1 sequence no other sequences were identified with homology to AML.
Hemagglutination and inhibition assays -AML-1 was found to agglutinate rabbit erythrocytes most effectively among various erythrocytes tested. The minimum lectin concentration required for agglutination under these conditions was approximately 250 ng/ml. The ability of AML-1 to agglutinate rat erythrocytes was four-fold lower, whereas sheep and guinea-pig were not agglutinated at lectin concentrations of 2 µg/ml. Neither calcium (5mM) nor EDTA (20 mM) influenced the hemagglutinating activity. We then used rabbit erythrocytes as a model in inhibition assays to reveal the binding specificity of AML-1. Table II shows Recombinant AML-1a and AML1b -We expressed full-length recombinant AML-1a and AML-1b in CHO cells (Fig. 5A) . The cell supernatants were analyzed by Western blotting using the polyclonal rabbit anti-AML-1 antibody. AML-1b showed two bands with molecular masses of 27 kDa and 31 kDa in the reduced state. No or only faint bands was seen for AML-1a in the reduced state. However prolonged development revealed a single 31 kDa band in the reduced state (data not shown). In the non-reduced state three prominent bands with molecular masses of 160 kDa, 108 kDa and 40 kDa were seen for AML-1b whereas bands of 160 kDa and 75 kDa were seen for AML-1a.
Binding of recombinant AML-1a and AML-1b to GlcNAc-TSK and chitin -The high similarity between AML-1a and AML-1b could indicate that the two proteins also shared overlapping binding specificity. Pull-down with GlcNAc-TSK and chitin beads revealed however a clear difference between the two proteins. Recombinant AML-1b bound efficiently to GlcNAc-TSK and chitin beads, whereas AML-1a failed to bind (Fig. 5A &  B) . As GlcNAc-TSK was used in the initial purification, it is very likely that the initial purification from coelomic fluid only included AML-1b, and excluded AML-1a. Chitin is a linear homopolymer of beta-1,4-linked N-GlcNAc and is an important structural component in the cell wall of most fungi and in the eggshell of parasitic nematodes (43). The binding between AML-1b and chitin was calcium independent but could be inhibited completely by GlcNAc and N-acetylated alanine, but not with glucosamine or alanine (Fig.  6 ). Interestingly Na-acetate partially inhibited the binding.
Expression and localization of AML-1 -The specificity of the rabbit anti-AML-1 antibody was analyzed by Western blotting of purified AML-1 obtained from, coelomic fluid, Triton X 100 extract of coelomocytes and eggs (Fig. 7) . The electrophoretic mobility of AML-1 visualized by Western blotting in these tissues and body fluids showed the identical band pattern. Omitting primary antibody or using IgG from preimmune rabbits gave no specific band. The polyclonal antibody was subsequently applied for immunohistochemical analyses of AML-1 in lugworm tissues. Immunoreactivity was seen in the nephridium, the staining being clearly granular and localized to the apical side of the cells (Fig.  8A & B) . Positive cells with round morphology were scattered throughout the basal part of epidermis (Fig. 8C) , and the number of these cells were markedly increased in relation to parasitic infections (Fig. 8D) . Coelomocytes of different morphology were clearly positive (Fig. 8E & F) as were cells in tissues as well as cells found in vessels (Fig. 8G) . Eggs showed strong immunoreactivity ( Fig. 8H & I) . No staining was seen when preimmune rabbit IgG was used instead of specific antibody (data not shown).
DISCUSSION
The immune system of invertebrates is exclusively based on pattern recognition receptors (PRR) recognizing microbial-derived molecular patterns that mark the microorganisms for elimination (25). Different lectin families act as PRRs in vertebrates and in invertebrates (2, 4, 6, 44, 45) . In the present study we have identified and characterized a lectin from the lugworm Arenicola marina that binds acetylated carbohydrates and named it Arenicola marina lectin-1 (AML-1). AML-1 was purified from coelomic fluid by a single step affinity chromatography on a GlcNAc-TSK column. SDS-PAGE analysis showed two bands with molecular masses of 27 and 31 kDa in the reduced state and multiple bands in the non-reduced state, indicating AML-1 might exist as di-, tri-, tetra-and hexametric molecules and also as more complex structures. Oligomerization like this is a hallmark of PRRs as this increases the binding strength to microorganisms. It may also arrange the PRR so that an appropriate number of binding sites match the spatial arrangement of microbial molecular patterns leaving endogenous ligands unbound due to alternative spacing.
N-terminal amino acid sequencing of the 27-and 31-kDa bands revealed the same sequence for the first 12 residues. Additional protein sequences were obtained by trypsin digestion and peptide sequencing of peptides from the dominant 27-kDaprotein band. Degenerated primers were then synthesized based on the protein sequence and the resulting PCR products were used to screen a coelomocyte cDNA library. Two different fulllength cDNA clones were obtained and designated AML-1a and AML-1b. AML-1a encoded a protein of 242 amino acids, with one N-glycosylation site and a calculated molecular mass of 26.3 kDa. AML-1b, encoded a protein of 244 amino acids with two N-glycosylation sites and a calculated molecular mass of 26.5 kDa. All the proteinsequences obtained from the 27-kDa band were included in the protein encoded by AML-1b, whereas AML-1a differed at six positions. The encoded protein of AML-1a and AML-1b showed 92% identity at the protein level.
No orthologous proteins were found in the genes of other animals, but a BLAST search using the AML-1a and AML-1b protein sequences as bait identified a predicted protein from the sea anemone Nematostella vectensis (42) that contained four tandem repeat domains all showing homology to AML-1a and AML-1b. Thus, the domain of AML-1 can been identified in specimens belonging to Cnidaria lineage and in one of the major Protostome lineages -Annelida, while appears to be lost during evolution in other Protostome lineages such as the Nematodes (C. elegans) and Arthropods (Drosophila) as well as in all Deuterostomes.
Both of the predicted AML-1 proteins contain a 19 amino acid leader peptide indicating that they can be transported out of the cell. Seven cysteine residues found in both sequences propose intraand/or inter-chain disulfide bonds as seen on SDS-PAGE in the unreduced state. The difference observed in molecular mass between the 27 kDa and 31 kDa bands of AML-1 could be due to differential glycosylation. However, treatment of the purified lectins with N-glycosidase did not reveal any shift in electrophoresis mobility (data not shown) and the difference in predicted molecular mass of the two cDNA clones coding for AML-1 does not explain the observed difference in molecular mass on SDS-PAGE. Different isoforms could exist in different animals as the cDNA library was constructed using mRNA from six lugworms, and the protein was also purified from pools of coelomic fluid. To get further insights into the structure and functions of AML-1 we expressed recombinant AML-1a and AML-1b in CHO cells. The band pattern of AML1b was identical to the native AML-1 purified from coelomic fluid. The band pattern of AML-1a indicated that AML-1a also is an oligomeric protein but it differed from AML-1b both in the reduced and non-reduced state. Due to low expression efficacy no AML-1a band was initially observed in the reduced state, but prolonged development of the Western blot revealed a single band of 31 kDa corresponding to the upper band seen in AML-1b in the reduced state. These data show that the band pattern of AML-1b can account for the band pattern observed in AML-1 purified from coelomic fluid.
The binding specificity of AML-1 purified from coelomic fluid was examined by inhibition of the AML-1-mediated agglutination of rabbit erythrocytes. All N-acetylated carbohydrates were potent inhibitors of agglutination whereas the corresponding non-acetylated carbohydrates fail to inhibit. Bovine submaxillary mucin, which contains a complex carbohydrate structure including many acetylated sugars, also inhibited the agglutination (46). Finally, LPS from E. coli 0127.B8 and Salmonella Minnesota inhibited the hemagglutination activity, whereas LPS from another smooth strain E. coli 055:B5 had no effect on the hemagglutination. Together these findings demonstrated that AML-1 is an acetyl-group specific PRR. C-type lectins like the RegIIIg (or HIP/PAP) molecule (47) or fibrinogen-like molecules like the tachylectins (48) and FIBCD1 (43,49) exploit acetyl-group recognition for targeting pathogen-associated molecular patterns. The acetyl-group recognition of these molecules is often dependent on the presence of calcium ions but this was not the case for AML-1.
We then compared the binding specificity of recombinant AML-1a and AML-1b using a pulldown assay. AML-1b bound efficiently to GlcNAc-TSK, whereas this was not the case for AML-1a. This further supports that AML-1 purified by GlcNAc affinity chromatography from coelomic fluid is identical to AML-1b.
We further showed that AML-1b binds to chitin beads. The binding was inhibited by GlcNAc and by other acetylated carbohydrates and by acetylated alanine, but not by the corresponding non-acetylated components. In contrast to what is seen for the binding between FReDs and acetylated sugars, the binding was independent of calcium ions and it was only weakly inhibited by Na-acetate. This indicates that the binding between AML-1b and the acetylated component is dependent on the acetyl group, but less dispensable with free acetate as compared to the acetyl-group binding FREDs.
The high homology between the binding domains of AML-1a and AML-1b and the striking difference in binding specificity between the two proteins naturally narrows down the residues involved in the binding activities of AML-1b. The second glycosylation site at position 208 in AML1b and also the stretch of variable amino acids from position 150 -157 in AML-1b could potentially be involved in the binding activity, but future site-directed mutagenesis analysis will reveal the actual residues involved in loss-of function.
Strong AML-1 immunoreactivity was seen in the phagocytic coelomocytes, which play an important role in lugworm's defense reaction against e.g. bacteria (35,36). The nephridium, the primitive kidney that connects the coelom with the exterior, showed strong apical immunoreactivity for AML-1. The epidermis containing round lymphoid-like cells presumably representing migrating coelomocytes were also positive for AML-1. The lugworm eggs, that are ejected outside the body cavity and have to survive a hostile microbial environment all the way through fertilization and early development, also showed strong AML-1 immunoreactivity. AML-1 is thus expressed in cells and tissues with a large microbial burden and this in agreement with a function as an immunoprotective molecule. Such a role is further supported by the up-regulation of AML-1 expression in tissues surrounding a parasitic infection, located in the sub epidermal muscular layer, where migrating coelomocytes are trying to encapsulate the parasite-infested area (Fig. 8D) . The antibody used for the immunohistochemical localization was raised against AML-1 purified from coelomic fluid, which is probably identical to AML-1b. The antibody however clearly cross-reacted with recombinant AML-1a in Western blotting, and we can therefore not exclude that the immunereactivity that we observe stems from both AML1a and AML-1b.
We have discovered AML-1 as the first lectin in the lugworm Arenicola marina and, to our knowledge, this is the first polychaete lectin cloned and characterized. The ability of AML-1 to recognize bacterial LPS and chitin and the localization at nephridium, epidermis and in coelomocytes support the notion that AML-1 is involved in defense reaction toward microbial pathogens. The sequence showed homology with four tandem repeat domains found in a predicted protein from the sea anemone and together these six domains form a novel protein sequence family. Future structural studies will reveal if the sequence show structural homology to other known domains or represent a novel protein fold. with TBS/Tw containing 10 mM CaCl 2, 20 mM EDTA, 100 mM acetate, 100 mM GlcNAc, 100 mM glucosamine, 100 mM N-acetylated alanine or 100 mM alanine and added to 100 µl of pelleted beads. After overnight incubation at 4°C and extensive washing, the bound proteins were eluted by boiling samples in sample buffer and subsequently analyzed by SDS-PAGE (unreduced) and Western blotting using the polyclonal rabbit anti-AML-1 antibody. 
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L L L A E K N R D N I S T V N M C E N V E A R R C E A M Q T G S D Y 79 TGTTGCTGGCTGAGAAAAACCGAGATAACATTAGCACTGTGAACATGTGTGAAAACGTGGAAGCCAGACGGTGCGAGGCCATGCAAACCGGAAGTGACTA 300 -----------------------------------------------------------------------------------------------------T T L D A T G P G S W P G A G L C R V V S G E N T L N L D Q Y V Y 112 CACGACCCTGGATGCCACTGGACCCGGATCCTGGCCAGGAGCCGGACTCTGCCGCGTCGTCTCCGGAGAGAACACTCTCAACCTGGATCAGTACGTCTAC 400 -----------------------------------------------------------------------------------------------------T V E L Y N Q A S V H G I H A G H P G L A Y N V I D V N N F D F V 146 ACCGtGGAGCTGTACAACCAGGCGAGCGtGCACGGTATTCACGCCGGACATCCCGGACTGGCTTACAACGTCATCGACGTCAACAACTTTGACTTCGTCT 500 -----------------------------------------------------------------------------------------------------Y F R P H Y A N D G R C L Q H G Y V I S G A F H G T S E D R C T G A 180 ACTTCAGACCACACTACGCCAACGATGGGAGGTGTCTCCAGCACGGCTACGTCATATCCGGTGCATTTCACGGGACATCGGAAGATCGCTGCACTGGAGC 600 -----------------------------------------------------------------------------------------------------P V R G G T W F K V K V E S S H G R A S V Y V N D V K L S E V N A 213 CCCTGTACGCGGGGGCACGTGGTTCAAGGTCAAGGTCGAATCATCCCATGGTCGCGCTTCAGTGTACGTAAATGACGTCAAATTGAGCGAAGTGAACGCT 700 -------------------------------------------------------------------------------------------><--------H F P T R S Q T G I I V P N G F R N V I R F R N S A L T A L .
241 CACTTCCCGACCAGGAGTCAAACTGGAATTATTGTTCCCAATGGTTTCCGTAACGTTATCAGGTTCAGGAATTCAGCGTTGACTGCACTTTAGTGTGCGA 
----------------------------------3' untranslated --------------------------------------------------AATAAGTATTGGGTGGCTTCATCTGATAAGGAAATGTGTGGTACTAGATGCAACATTATCTTCTAACGTCTGCCCAACAACCAACAACGAAAGTCCTTTG 900 -----------------------------------------------------------------------------------------------------

